Calibrations

Introduction
The determination of an instrument's response can be performed at different levels of detail. The most detailed level is required for the evaluation or type testing of a particular instrument or dosimeter design. The device will generally be exposed to a range of radiation energies and angles of incidence, as well as other parameters which influence the reading.
Once the device has been type tested, less extensive calibration procedures can be used to establish either that a given device has maintained its calibration or that it has the same characteristics as the original type-tested device. Testing free in air or in any other convenient, reproducible manner may also be appropriate for routine testing.
The complexity of the calibration procedure depends, therefore, on what information is required, and is generally intermediate between that required by a full type test and a simple reproducibility check.
Calibration of an instrument generally means the determination of a calibration factor, N, by which the instrument reading is multiplied to obtain the value of the desired quantity, H. Thus, the calibration factor is given by:
where M is the instrument reading in a calibration field of known dose equivalent, H. The calibration is done under specified conditions, typically in radiation fields recommended by appropriate international standards; e.g., ISO (1979) . The primary calibration quantities are, however, usually not the dose equivalent quantities. Rather, calculated conversion factors are used to derive the quantity of interest. Thus, for example, when calibrating a gamma-ray survey meter, the primary quantity may be the air kerma, and kerma to ambient dose equivalent conversion factors are then used to determine the dose equivalent, and hence the calibration factor.
In the most frequently performed calibrations, the instrument is calibrated with the same type of radiation that it is intended to measure. This is not always the case, however. For example, the tissueequivalent ion chamber is generally calibrated with gamma rays, but may then be used for beta-ray measurements.
In general, the actual radiation field in which the instrument is used may differ in energy and spatial distribution from that of the calibration field. Hence, the calibration factor N, no matter how accurately determined under calibration conditions, may not be applicable to the actual field conditions. While this has always been a concern, its importance depends more on instrument design than on the system of dose equivalent quantities used.
In accordance with the recommendations of ICRU Report 39 (ICRU, 1985) , all instruments are to be calibrated in terms of the operational dose equivalent quantities. Thus, instruments which have been calibrated to read, for example, air kerma or exposure, will have to be recalibrated in terms of dose equivalent. On the other hand, one of the considerations in the choice of the new quantities was the desirability of allowing current conventional instrumentation to continue to be used with as little change as possible in calibration procedures and use (except for any required change in scale designation and calibration). This goal has generally been met, so that, as a rule, instruments and calibration procedures which were satisfactory with the earlier quantities will be satisfactory with the new quantities. The converse is also true: instruments which have been unsatisfactory will remain unsatisfactory. In general, the new quantities do not create any new problems for many commonly used instruments.
The emphasis in this Section is on the changes in calibration procedures required by the new quantities. No attempt will be made to give a complete discussion of calibration procedures, since this is adequately covered in the literature and by various international standards. (For x and gamma rays see, for example, ISO (1988a ISO ( , 1988b and for beta radiation see Pruitt et al. (1988) and ISO (1984) .)
Calibration of Area (Environmental) Monitors
Area monitors should be calibrated in terms of the ambient dose equivalent, H*(d), for strongly penetrating radiation, and in terms of the directional dose equivalent, H'(d), for weakly penetrating radiation. The common beta-ray emitters are the only important external sources of weakly penetrating radiation, and, therefore, area monitors for beta rays should be calibrated in terms of directional dose equivalent.
X Rays and Gamma Rays
For most radiation fields, the quantity to be determined is the ambient dose equivalent, since all photons with energies greater than about 15 keV are considered to be strongly penetrating. For x rays below this energy, however, the relevant quantity is the directional dose equivalent, H'(d), where the currently recommended value of dis 0.07 mm.
Most conventional x-and gamma-ray area monitors have been designed to measure exposure and, in recent years, air kerma, K a , has been adopted in place of exposure. For photon energies below 2 MeV, exposure (in coulombs/kilogram) is converted to air kerma (in joules/kilogram) by multiplying by a factor which is within 0.5% of 34.0 joules!coulomb (see Section A.2 and Table A.l). Conversion factors, as a function of photon energy, between air kerma and H*(10) are given in Table A .2. Conversion factors for the ISO (1979) series of reference radiations are given in Table A.3. Monitors for penetrating photon radiation are to be calibrated for ambient dose equivalent using the same procedures as for air kerma, but their required energy response will be different at energies between 30 and 300 ke V. As discussed in section 3.1.1, however, this may not be a serious problem and, in fact, many currently used instruments have a more accurate response for H*(10) than for air kerma.
Beta Rays and Electrons
For all common beta-ray sources, the quantity of interest is the directional dose equivalent, H'(d). For electrons with energies greater than about 2.5 MeV, H'(O.07) becomes relatively less important (ICRU, 1985; Rogers, 1984) and ambient dose equivalent, H*(10), becomes the quantity of interest (see Figure  A. 3).
Many beta-ray area monitors are calibrated to read in terms of absorbed dose under 7 mg cm -2 of tissue substitute. This is equivalent to H'(0.07) with a quality factor of unity.
Unlike the cases of neutrons or photons, computed conversion factors are not used for calibration of beta 4.3 Calibration of Individual Dosimeters ••• 1 9 instrumentation. Rather, the absorbed dose rate in calibration beams is determined either by using secondary standard sources under standard geometrical conditions, or it is measured with an extrapolation chamber with a 7 mg cm -2 thick front window. The latter is an essentially absolute device used for measuring the absorbed dose rate to water or tissue and thus, the dose equivalent rate. For details concerning the use of the extrapolation chamber, see, for example, Pruitt et al. (1988) and Bbhm (1983) .
Routine calibrations should be performed at normal incidence. When type testing, the angular response of the device should be investigated using standard calibration sources.
Examples of the required angular response are given in the review by Marshall et al. (1987) . Further examples are given in Chapter 3.
Calibration of Individual Dosimeters
As explained in Section 2.2.2.2, the operational quantity for individual monitoring of external exposure , Hp(d) , is the dose equivalent in ICRU standard tissue at a depth d, in the body of an exposed person (ICRU, 1985) , with the recommended depth, d, being 10 mm for strongly penetrating radiation and 0.07 mm for weakly penetrating radiation.
Phantoms
Calibration of a dosimeter for determination of these quantities requires it to be placed on a phantom that provides a reasonable approximation to the backscatter properties of that part of the body on which it is worn. While the ICRU sphere may be an adequate phantom for the human torso with regard to the backscattering of the incident radiation, the practical problems associated with the use of the sphere are generally recognized and have been widely discussed (Dietze and Booz, 1989 ). These problems include: fabrication difficulty, lack of an exact substitute for the 4-element ICRU tissue composition, limitation to calibration of one dosimeter at a time, and unsuitability for physically large dosimeters. While, at present, it may be convenient to make use of the extensive set of calculated conversion factors (see Appendix A) for the ICRU sphere, because of the problems indicated above, several other phantom types are now in use for calibrations. These are all listed in Table 4 .1. While any of these phantoms should give calibration results with accuracies that are well within the guidelines indicated in Section 2.1.4, it is, nevertheless, desirable to achieve uniformity in calibration procedures. The 30 cm x 30 cm x 15 cm depth PMMA phantom is recommended. Its mass is close to that of the ICRU sphere, and its backscatter characteristics are acceptably close to those of the human trunk for both photon and neutron irradiations. The 30 cm x 30 cm face is large enough to allow several dosimeters to be irradiated simultaneously, but still sufficiently small that at conventional distances (~ 50 to 75 cm) from a point calibration source, the radiation field over the surface will be essentially uniform. It is easy and inexpensive to fabricate and easy to use.
Smaller phantoms may be more appropriate for calibration of dosimeters to be used for extremity monitoring.
Quantities Used for Calibration
In order to be able to determine the individual monitoring operational quantities (Sections 2.2.2.2 and 4.3) in practical calibrations, their definitions are considered here to include the dose equivalent at depth d in a phantom made of ICRU tissue. The quantity to be used for calibration is, therefore, Hp(d) in a phantom having the composition ofICRU tissue, and the same size and shape as the calibration phantom.
While, for the ICRU sphere in an expanded field, this is equal to H'(d), for a slab phantom of ICRU tissue, it is the dose equivalent at the depth of d below the point where the dosimeter is to be calibrated. For the ICRU sphere in an aligned field, air kerma to directional dose equivalent conversion factors are available for normal and non-normal radiation incidence (see Table A2 and Figure A2 ).
Air kerma to dose equivalent conversion factors for normal incidence of photons on some of the phantoms of Table 4 .1 have been calculated (Grosswendt, 1990 (Grosswendt, , 1991 . Conversion factors of air kerma and photon fluence to personal dose equivalent, Hi10) and H p (0.07), for normal photon incidence on a 30 cm x 30 cm x 15 cm slab phantom of ICRU tissue are given in Table A ,4. Data for nonnormal photon incidence on that phantom are also available (see Figure A5 ) (Grosswendt, 1991) .
